Phospholipase A, which hydrolyzes diacylglycerophospholipid to monoacylglycerophospholipid and fatty acid, is widely distributed in nature. The presence of phospholipase A in Escherichia coli has been reported (5, 8), but the physiological roles of this enzyme remain unknown. One approach to understanding the function of phospholipase A is to find mutants deficient for the enzyme activity. It can then be asked whether any vital function has been impaired or whether the mutation has caused any related physiological change in the bacteria.
Phospholipase A, which hydrolyzes diacylglycerophospholipid to monoacylglycerophospholipid and fatty acid, is widely distributed in nature. The presence of phospholipase A in Escherichia coli has been reported (5, 8) , but the physiological roles of this enzyme remain unknown. One approach to understanding the function of phospholipase A is to find mutants deficient for the enzyme activity. It can then be asked whether any vital function has been impaired or whether the mutation has caused any related physiological change in the bacteria.
The principle of the selection procedure was to use a mutant of E. coli which is sensitive to sodium dodecyl sulfate (SDS) as a parent and to activate phospholipase A in the colonies by SDS in overlaid soft agar and detect fatty acid release from these colonies by a halo of growth of a fatty acid auxotroph simultaneously seeded in the soft agar.
During the course of the further characterization of this phospholipase A-deficient mu-'Present address: Biology Division, National Cancer Center Research Institute, Tsukiji, Chuo-ku, Tokyo 104, Japan.
tant, another kind of phospholipase A was found in mutant strains as well as in the parent. We designated tentatively the remaining phospholipase A as detergent-sensitive (DS) phospholipase A and the original phospholipase A which is lacking in the present mutant as detergent-resistant (DR) phospholipase A, according to the sensitivity of the enzymes to various detergents.
MATERIALS AND METHODS Organisms. E. coli K-12 strains N802 (leu-, thi-, lac-, mal-), a derivative of Wl, and P678 (Jacob and Wollman) were used as original strains in this study. Thirty SDS-sensitive derivatives of strain N802 were isolated by replica plating. Cells from cultures in exponential growth were harvested and suspended in 0.2 M acetate buffer (pH 5.0) containing N-methyl-N'-nitro-N-nitrosoguanidine (700 uig/ml). After 30 min of incubation at 37 C, the bacteria were washed twice with saline-phosphate buffer, suspended in X broth (10 8 cells/ml), and incubated overnight. Samples were plated and the plates were replicated to X agar containing 0.5% SDS. Mutants sensitive to SDS appeared at the frequency of about 0.5% under this condition. Strain S15 used as parent for the isolation of DR phospholipase A-less mutants was selected among them as the best one, since it exhibits the 864 on November 2, 2017 by guest http://jb.asm.org/ Downloaded from PHOSPHOLIPASE A-DEFICIENT MUTANTS strongest DR phospholipase A activity on a plate. An unsaturated fatty acid auxotroph of P678 was also isolated by similar mutagen treatment and by replica plating as described by Silbert and Vagelos (10) . The strain N912, an unsaturated fatty acid auxotroph, thus obtained was used as indicator bacteria for the isolation of DR phospholipase A-less mutants.
Media. X Broth, which contains 10 g of polypepton (Daigo Eiyo, Co. Ltd., Tokyo) and 2.5 g of NaCl per liter, Penassay Broth (Difco), and Davis's minimum medium were used. X Agar was prepared by supplementing X broth with 1% agar; soft agar was prepared by supplementing with 0.5% agar. The agar media did not contain detectable amounts of unsaturated fatty acid, as indicated by the absence of growth of N912. When oleic acid was used as a supplement for the unsaturated fatty acid auxotroph, it was present as 0.005%.
Preparation of substrates. 14C-phosphatidylethanolamine, 14C-phosphatidylglycerol, and their lyso-derivatives were prepared according to the method already described (4) .
Preparation of cell extracts. Late-exponential phase cells (5 x 108 to 109 cells/ml) grown in Penassay Broth were collected, washed once with saline, and once with 0.05 M tris(hydroxymethyl)aminomethane (Tris), pH 7.6. The final pellet was suspended in 5 mm acetate buffer (pH 5.3) and sonically treated (Umeda sonicator, 20 kc). The sonic extract was centrifuged at 7,000 rev/min for 15 min at 0 C, and the supernatant fluid, diluted to 2 ml with the buffer, was used as the enzyme source (4.2 to 8.6 mg of protein/ml).
Phospholipase assay. The typical incubation mixture for the DR phospholipase A assay contained '4C-phosphatidylethanolamine (20 nmoles, ca. 12,000 counts/min), 0.1 ml Of 10-2 M CaC12, 0.3 ml of 0.1 M Tris (pH 7.4), 0.1 ml of cell extract (50 mM Tris, pH 7.6), 1.0 ml of methanol, and deionized water to 2.0 ml. In some cases, 0.25% Triton X-100 was added to above reaction mixture. The reaction mixture containing SDS was prepared as already described (8) .
The rate of enzymatic hydrolysis in the presence of alcohols was enhanced 50-to 100-fold over the rate if alcohol was omitted (Shibuya and Maruo, Proc. 42nd Congr. Jap. Biochem. Soc., vol. 41, p. 230, 1969). Besides lysophosphatidylethanolamine and free fatty acid, DR phospholipase A produced fatty acid methyl or ethyl ester in the presence of methanol or ethanol, respectively. Details for the ester formation will be reported separately.
For qualitative studies, 25 or 50 uliters of the reaction mixture was directly spotted on a thin-layer plate of silica gel G; a few drops of chloroform were overspotted to stop the reaction, and the plate was developed with the solvent system chloroformmethanol-water (65:25:4, v/v/v) and scanned with a radiochromatographic scanner.
For the quantitative experiments, the reaction mixture was immediately chilled and the lipids were extracted by the method of Bligh and Dyer (2) . The lipids were separated on thin-layer plates of silica gel G after being developed with the solvent system described above. The spots corresponding to diacylphospholipids, lysophospholipids, fatty acids and fatty acid methyl esters were scraped and counted.
The reaction products were identified by comparison of their chromatographic behaviors with those of authentic standards. Lysophospholipase activity was measured by the method already described (8) .
Other methods. Protein was determined by the method of Lowry et al. (6) . Phages were plated by the methods described by Adams (1).
RESULTS
Rationale for mutant isolation. Many hydrolytic enzymes are excreted into the growth medium and attack supplemented substrates. Some intracellular enzymes can be easily assayed after treatment with toluene which destroys the permeability barrier and enables substrates to enter the cells. Phospholipase A in E. coli seems to be firmly bound to the cell membrane, and activity might not be detected in the culture medium. Furthermore, it could not be anticipated that the substrates, phospholipids, could enter freely into the enzyme site in the membrane. We therefore had to solubilize the cell and make phospholipase A activity function on plates in order to isolate the mutants deficient for the enzyme.
The intact cells of E. coli are generally resistant to SDS if the concentration of SDS is below a few per cent. SDS at a concentration of 10 mM inhibits lysophospholipase over 90%, but the rate of hydrolysis of phosphatidylethanolamine by crude extracts of E. coli is substantially faster in the presence than in the absence of SDS. Thus, if a colony sensitive to SDS is overlaid with soft agar containing the substrate and SDS, DR phospholipase A, latent in the colony, will hydrolyze supplemented or endogenous substrates. The resulting free fatty acids may be detected biologically by the growth of a mutant which requires unsaturated fatty acid. Isolation of halo-less mutant. Twenty strains sensitive to 0.5% SDS were isolated by replica plating after mutagen treatment. One of the strains, S15, which showed the highest activity of DR phospholipase A in the lysate solubilized with 0.5% SDS was selected to serve as the parental strain from which haloless mutants were isolated.
The halo-less mutants were isolated as follows. The mutagenized cells of S15 were spreaded on X agar plates and incubated at 30 C. The colonies were transferred to each of two plates and these plates were incubated at 30 C. After sufficient growth of the colonies, 3 ml of soft agar was carefully poured over the colonies; the soft agar contained 5 x 10' cells of N912 (unsaturated fatty acid-auxotrophic and streptomycin-resistant), SDS (1.6%, 56 mM), ethanol (5%), CaCl2 (10 -2 M), and streptomycin (600 ag). Both ethanol and CaCl2 were VOL. 1 10, 1972 865 (Fig. lb) . Thirty mutants without halo even at low temperature were thus isolated and no clone which is temperature-conditional with respect to halo formation was found. Assay of DR phospholipase A activity. Thirty halo-less mutants were cultivated in Penassay Broth at 30 C. The phospholipase A activities of the cell extracts were determined at 42 C in the assay system which contains methanol as described in Materials and Methods. Figure 2 shows Scans of radioactivity of thin-layer chromatograms of the reaction mixtures. Cells of strain S15 and 23 were grown in Penassay Broth media at 37 C, washed, and suspended in 5 mM acetate buffer (pH 5.3). Cell extracts were prepared (8.6 mg of protein/ml for both extracts), and the hydrolysis of 14C-PE was measured in the mixture as described in Materials and Methods. After 4 hr of incubation at 37 C, lipids were extracted by the methods of Bligh and Dyer (2) acid, and fatty acid methyl ester (Fig. 2a) , whereas that of the mutant 23 cell extract showed no peak except phosphatidylethanolamine (Fig. 2b) , indicating that the mutant 23 is deficient for DR phospholipase A activity. Almost the same results were obtained with the extracts of three additional mutants, and also in the experiment in which phosphatidylglycerol was used as a substrate (Table 1) . Furthermore, these extracts of mutant strains showed no activity in the reaction mixture containing Triton X-100 (see Materials and Methods). It thus seems very likely that the inability to detect activity in these mutants may be independent of the reaction mixture employed and that the mutants are truly deficient for DR phospholipase A activity. No activity was observed even when the reaction mixtures were incubated at 30 or 37 C. Both Fig. 3 and 4 show the results of experiments in which extracts of the mutant 23 were mixed with that of the parental strain S15. In the experiment shown in Fig. 3 , equal amounts of both extracts were mixed. The reduction of substrate and the increase of a reaction product, lysophosphatidylethanolamine, proceeded at about half the velocity of those in the parent extract alone. Other reaction products, both free fatty acids and fatty acid methyl esters, behaved similarly (data not shown). When the parent extract was added to the mutant extract at a concentration of 1% as calculated from the protein concentration, a few per cent of the phospholipase A activity, which is shown as the formation of free fatty acid plus fatty acid methyl esters, nearly proportional to the concentration of the parent extract added, was detected as shown in Fig. 4 . These results indicate that the inability of the mutant to Comparison of time course of hydrolysis of 14C-PE by extracts of strain S15, 23, and an equal mixture of the two. Experimental conditions for cell growth, preparation of cell extracts, and preparation of reaction mixtures are identical to those described in the legend of Fig. 2 . Samples of the reaction mixtures were taken at the indicated times, and lipids were extracted and separated as described in the legend of Fig. 2 . For the preparation of the mixture of extracts, 0.05 ml each of the extracts of S15 and 23 were mixed up. Symbols: S15, ----; 23, 1 :1 mixture, ---; PE, 0; lyso-PE, *. tract. Free fatty and the mutants were isolated. We designed were separately the selection procedure to allow isolation of mined values were temperature-sensitive conditional mutants , 1:99 mixture, because mutants lacking DR phospholipase A might be lethal. All four mutants thus isolated, in contrast with our expectation, grew at 42 as lue to the accu-well as 30 C, and the doubling times of the ance within the mutants did not differ significantly from those Lmine was hy-of the parental strain. It seems from these remutant 23 as sults that DR phospholipase A is not related to any essential function for growth in this orgaphospholipase nism. acters of wild-
The mechanism of lysis in phage T4-infected -deficient cells cells or X-lysogenic cells by induction has been n Table 2 . Bac-discussed by several investigators (3, 7, 9) . ved turbidimet-Presence of DR phospholipase A in the host utant cells in-cells is one of the problems encountered in ically. A slight analyzing phage-directed lysis. The present time observed mutants which lack DR phospholipase A will a consequence offer us one convenient tool for considering the ges rather than relation between the mechanism of the lysis Table 3 shows and phospholipases of the host cells. Lysis di- 
